In cryptococcal infection, phenotypic switching from a smooth to a mucoid variant can occur in vivo, producing variants with enhanced virulence that are subsequently selected and affect the outcome of infection. Here, we demonstrate that antifungal treatment of the chronically infected host can promote this phenomenon. Amphotericin B treatment reduces fungal burden less effectively in mucoid variant-infected than in smooth variant-infected mice. Consequently, amphotericin B treatment resulted in a more pronounced prolongation of survival in smooth variant-infected than in mucoid variant-infected mice (20 versus 42 days; P < 0.05). Administration of anticapsular monoclonal antibody mediated better protection in smooth variant-infected than in mucoid variant-infected mice, although a protective effect was not consistently observed at all doses. Most interestingly, both antifungal drug therapy and administration of anticapsular monoclonal antibody promoted the selection of mucoid variants in smooth variant-infected mice, a phenomenon manifested by a statistically higher percentage of mucoid colonies in smooth variant-infected mice than in nontreated control mice. This finding suggests that both chemotherapeutic and immunological antifungal interventions may promote the selection of the more virulent mucoid variant, which could affect the outcome of infection in chronically infected hosts.
Cryptococcus neoformans is an encapsulated yeast that causes disease primarily in patients with impaired immunity. Cryptococcosis is a common complication of end-stage human immunodeficiency virus (HIV) infection and can affect 2 to 30% of patients with advanced HIV infection (12, 33, 34) . Clinically, C. neoformans infections manifest themselves as cases of chronic meningoencephalitis that have a high tendency to relapse after cessation of antifungal therapy (46) . Treatment failures are generally not the result of acquired drug resistance but appear to represent persistence of the initial strain despite therapy (3, 4, 43) . On the one hand, treatment failure may reflect the inability of an impaired immune system to eradicate the infection despite the assistance of antifungal therapy. On the other hand, the ability of C. neoformans to undergo microevolution during chronic infection could contribute to persistence of infection by challenging the already compromised host with variants that escape ongoing immune responses.
Microevolution produces phenotypic variability that can alter the virulence of the pathogen. Several observations support the concept that microevolution of C. neoformans occurs during the course of mammalian infection. First, prolonged in vitro and in vivo passage of C. neoformans isolates can result in phenotypic changes associated with differences in virulence, as demonstrated in murine infection models (2, 6, 8, 11, 17) . Second, serial isolates from chronically infected patients can exhibit differences in virulence (18) . Third, C. neoformans can switch in vitro reversibly to produce switch variants that differ in colony morphology and virulence (19, 24) . We define and use the phrase "phenotypic switching" to describe the process by which colony variants arise in a C. neoformans population that can revert to their original appearance at a switching frequency that is greater than the background mutation rate. Similar phenomena have been also described for Candida species (1, 30, 52, 55, 56) .
One advantage of C. neoformans as a model pathogen is that phenotypic switching occurs in vivo in a murine model of infection. More importantly, the occurrence of phenotypic switching in vivo was associated with an increased likelihood of lethal outcome for the host. The mucoid (MC) variant produces a different capsular polysaccharide, which renders it more resistant to phagocytosis by alveolar macrophages. In contrast, the smooth (SM) variant elicits an effective lymphocyte response whereas the MC variant fails to elicit a protective immune response and instead elicits a macrophage-dominated inflammatory response associated with extensive lung damage and rapid demise (20) . The objective of this study was to investigate whether antifungal interventions in the form of drugs and specific antibodies altered the likelihood of recovering phenotypic switch variants in chronically infected mice. Our results indicate that both chemotherapeutic and immunological interventions can promote the emergence of MC variants in chronically SM variant-infected mice, an event that could influence the outcome of therapy and infection.
both of which are characteristic of C. neoformans colonies. C. neoformans cells were grown in Sabouraud dextrose broth at 30°C overnight with moderate shaking (150 rpm). Yeast cells were washed three times in phosphate-buffered saline (PBS), suspended in PBS, and counted using a hemocytometer.
Antifungal susceptibility testing. Antifungal susceptibility assays were performed by the broth macrodilution method proposed by the National Committee for Clinical Laboratory Standards to determine the MICs of amphotericin B (AMB) (Boehringer Mannheim) and fluconazole (Flu) (Roerig-Pfizer, New York, N.Y.) (42) . MIC determination was performed in RPMI 1640 medium (Sigma) supplemented with L-glutamine, without bicarbonate, and buffered to pH 7.0 with 0.165 M MOPS (morpholinepropanesulfonic acid) (Sigma) as well as in AM3 medium (Difco) with and without supplementation of 2% glucose as previously described (10) . Inocula (10 3 or 10 5 cells/ml) in 0.9 ml of medium were added to polystyrene plastic tubes containing 0.1-ml aliquots of each drug at 10 times the final concentration. Final drug concentrations ranged from 0.03 to 256 g/ml for Flu and from 0.03 to 2 g/ml for AMB. For visual MIC determination, endpoints were detected as the lowest concentration of AMB or FLU that completely inhibited the growth of the strain. The MICs were recorded after incubation at 35°C for 72 h. For time-kill (TK) assays, yeast cells were suspended in PBS at a density of 2.2 ϫ 10 3 cells/ml with increasing concentrations of antifungal drugs. After incubation at 35°C for 1 and 4 h, survival rates as measured by CFU were determined by plating on SDA. As an endpoint, the drug concentration was determined at which one 1-log reduction of CFU relative to the CFU of the untreated control was observed.
The monoclonal antibody (MAb) 2H1 was chosen for this study, because it has been used extensively in prior studies of antibody-mediated protection (37) . The concentration of 2H1 MAb relative to isotype-matched standards of known concentrations was determined by enzyme-linked immunosorbent assay (ELISA). Immunofluorescence binding patterns of 2H1 MAb on SM and MC cells were determined as follows. Yeast cells from an overnight culture were incubated with MAb 2H1 at 10 g/ml, and an isotype-specific, fluorescein isothiocyanate-conjugated secondary antibody was used for detection, as previously described (9) . Glucuronoxylomannan (GXM) was isolated from the supernatant of SM and MC colonies and binding of MAb 2H1 to the isolated polysaccharide was tested by ELISA, as previously described (5, 7).
Oxidative burst assay. Oxidative burst production by J774.16 macrophage-like cells was measured through oxidation of the cyclic hydrazide 5-amino-2,3-dihydro-1,4-phthalazinedione (luminol) by reactive oxygen species. Luminol-dependent chemiluminescence provides a convenient assay for phagocytic function as well as opsonization efficiency. The J774.16 cells were prepared for assaying by incubating cells with 0.5 mM EDTA-PBS for 30 min at 37°C. The detached cells were then collected by centrifugation and suspended at a density of 10 6 cells/ml in Hanks balanced salt solution containing 50 M luminol (sodium salt; SigmaAldrich). C. neoformans cells (5 ϫ 10 6 cells) and MAb (10 g/ml) were incubated for 1 h at room temperature. Cuvettes (BD Pharmingen) (12 by 75 mm) containing 1 ml of macrophage suspension were prewarmed at 37°C for 5 min, mixed with 100 l of MAb-coated C. neoformans at an effector-to-target cell ratio of 1:5, and placed immediately in a luminometer (Moonlight 2010; Analytical Luminescence Laboratory, San Diego, Calif.). Chemiluminescence was measured for 2 h at 10-min intervals.
Animal studies. BALB/c mice (male, 6 to 12 weeks of age) were obtained from the National Cancer Institute (Bethesda, Md.) and infected intratracheally (i.t.) for the majority of experiments. In selected experiments to test the efficacy of antibody, mice were infected intraperitoneally (i.p.). For i.t. infection, mice were anaesthetized and infected by i.t. inoculation of 10 4 or 10 6 C. neoformans cells in 50 l of sterile nonpyrogenic PBS by use of a 26-gauge needle as described previously (26) . The inoculum was confirmed by counting CFU on SDA plates. Mice were observed daily for signs of disease. Mice were killed by cervical dislocation after anesthesia, and organ fungal burden was determined by homogenizing lung and brain tissue in 10 ml of PBS and plating 100 l of different dilutions of the homogenate on SDA plates. Colonies were counted after 72 to 96 h (1 colony ϭ 1 CFU). The lower limit of detection is Ͻlog 2 when organ homogenates are plated undiluted.
For AMB treatment experiments, mice were infected i.t. with various doses of SM and MC cells. Treatment of mice with AMB was started 14 days after infection. Mice were treated with 0.5 mg of AMB dissolved in PBS per kg of body weight and injected for 10 days. Control mice were injected with PBS. Two separate experiments were performed, and the results were pooled. For MAb protection experiments, unpurified ascites with MAb 2H1 (0.5 to 1 mg) were given i.p. prior to infection in 0.5 ml of PBS. Control mice were treated with equivalent amounts of NSO ascites, which was made by injecting mice with the myeloma cell partner.
Determination of switching of the SM to the MC phenotype. The occurrence of switching from the SM to the MC colony type was determined by visually scoring the colonies derived from homogenized organs after growth on SDA plates. For calculation of switching frequencies, 200 to 300 SM cells were plated on SDA plates, and approximately 10 4 colonies were scored. The percentage of colonies of the total CFU with MC morphology relative to those with SM morphology was determined. To determine whether a therapeutic intervention promoted the recovery of MC variants from an SM variant-infected mouse, we visually screened the colonies that were recovered from infected mice. A minimum of 1,000 colonies was screened, which allowed detection of 0.1% MC colonies. This number is still 20-fold above the background rate of in vitro switching, which is about 0.005% (20) . One primary isolate from a patient with cryptococcosis was analyzed by directly plating dilutions of spinal fluid on SDA plates. These samples were analyzed before the patient had received antifungal therapy.
Statistical analysis. Standard statistical analysis, including Kaplan-Meyer analysis, log rank regression analysis, t tests, and Kruskal-Wallis tests, were performed using the programs Primer of Biostatistics (version 3.01), SPSS (version 8.0), and Excel (Microsoft).
RESULTS

In vitro susceptibility of switch variants to antifungal drugs.
To determine the susceptibility of SM and MC switch variants to the commonly used antifungal agents Flu and AMB, we employed a growth-dependent standard test that determines the MIC of the antifungal and a growth-independent TK assay that determines the microbicidal drug concentration (41, 45, 47, 61) . The MICs were comparable for SM and MC cells under various conditions; minor increased sensitivity to FLU was observed for both SM and MC cells in glucose-supplemented AM3 medium. We also determined the MIC of SM and MC isolates derived from mice after completion of antifungal therapy (day 28) and from MC isolates that had switched in vivo and were derived from SM variant-infected mice; we found no change in MIC for SM and MC cells, respectively (data not shown). The TK assay was done because the MC variant grows in vitro slightly more slowly than the SM variant (doubling time, 2.4 versus 2.7 h), which could affect MIC determination. For the TK assay, the concentrations of antifungals were comparable for SM and MC cells at 1 and 4 h. Both tests determined comparable levels of sensitivity to Flu and AMB for the SM and MC switch variants (Table 1 ). Of note is that the in vitro switching rates of the SM and MC phenotypes were not affected by exposure to antifungal drugs (data not shown).
Oxidative burst in response to antibody-mediated phagocytosis. SM and MC cells derived from switching colonies (Fig.  1a) were further analyzed. Immunofluorescence revealed comparable results of binding by MAb 2H1 to the SM and MC polysaccharide capsules (Fig. 1b and c) . Similarly, the results of MAb 2H1 binding to SM and MC GXM were comparable when measured by ELISA (Fig. 1d) . Since antibody-mediated phagocytosis is associated with an oxidative burst in macrophages, we used chemiluminescence to measure the generation of oxygen radicals in J774 macrophage-like cells incubated with MAb 2H1-opsonized SM and MC cells. Under these conditions, oxidative burst production was more pronounced in macrophages exposed to SM cells than in those exposed to MC cells (Fig. 1e) . Again, in vitro switching rates of the SM and MC phenotype were not affected by exposure to anticapsular antibody (data not shown).
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Efficacy of antifungal drugs in a murine infection model with SM and MC. In vitro antifungal drug susceptibility can be a poor predictor of in vivo response, and therapeutic failure is well described for several pathogenic fungi (23, 31, 48) . Therefore, we tested the efficacy of mice infected i.t. with 10 4 SM or MC cells. Mice (n ϭ 4 per group in two separate experiments; data pooled) were treated at day 14 of infection, when the infection was fully established. At that time, SM variant-and MC variant-infected mice had comparable lung CFU results (log 7.0 versus 7.1; P ϭ 0.6). Mice were treated with 10 i.p. doses of AMB (0.5 mg/kg of body weight). A decrease in the lung fungal burden relative to that in untreated mice was observed after completion of treatment. AMB treatment reduced lung fungal burden significantly more in SM variantinfected mice than in MC variant-infected mice (P ϭ 0.004 by Kruskal-Wallis test). For SM variant-infected mice, the lung CFU decreased 100-fold (from log 6.1 Ϯ 0.6 to log 4.1 Ϯ 1.1) in treated mice and in two of eight mice the fungal infection was cleared from the lung. In contrast, lung CFU in MC variant-infected mice only decreased 10-fold (from log 6.49 Ϯ 0.62 to log 5.3 Ϯ 0.8) after AMB treatment. Similar trends were seen for brain fungal burden after AMB treatment. In SM variant-infected mice, the brain CFU was detectable in five of eight control mice and decreased after treatment from log 4.5 Ϯ 0.7 to log 2.3 (and was undetectable in seven of eight mice). In MC variant-infected mice, brain CFU was detectable in five of eight control mice and decreased from log 4.6 Ϯ 2.0 to log 4.1 Ϯ 1.3 (and was undetectable in three of eight mice).
In this infection model, AMB treatment was started relatively late and did not eradicate the infection in either the SM variant-or MC variant-infected mice. Survival in mice infected with both SM and MC variants was nevertheless significantly prolonged by AMB treatment (P Ͻ 0.001; log rank). The results with respect to prolongation of survival in low-dose infection (10 4 cells administered i.t.) were comparable at 27 days for the SM variant (from a median of 74 to 101 days) and 32 days for the MC variant (from a median of 28 to 60 days). After high-dose (10 6 cells) infection, the prolongation in median survival resulting from therapy was significantly (P Ͻ 0.05) shorter in MC variant-infected mice than in SM variant-infected mice at 20 days versus 42 days (for MC variant infection from 30 to 50 days and for SM variant infection from 40 to 82 days). In summary, although in vitro MICs of AMB did not differ for the SM and MC variants, in vivo experiments demonstrated a more pronounced CFU reduction after AMB treatment in SM variant-infected than in MC variant-infected mice. Consistent with this finding, a significant increase in prolongation of survival by AMB treatment was also documented for SM variant-infected mice.
Effects of AMB treatment in the setting of phenotypic switching. In mice chronically infected with the SM variant, phenotypic switching to the MC variant can occur in vivo (20) . This can also be observed in AMB-treated mice. The MC switch variant is then selected and can be recovered from organ homogenates of SM variant-infected mice ( Fig. 2A) . In addition, careful examination of colony morphology in primary spinal fluid isolates of one patient revealed a heterogeneity of colony morphology. The majority of the colonies in that isolate were smooth, but a small fraction (0.3%) exhibited a MC colony phenotype. The two colony morphologies were similar to the SM and MC colony morphologies in ATCC strain 24067, which can undergo phenotypic switching (Fig. 2B) . Hence, selection of MCs could also occur in human infection under the appropriate pressure (Fig. 2B) . Therefore, we investigated in a separate i.t. infection experiment (dose, 5 ϫ 10 5 cells administered i.t.) whether phenotypic switching of the SM variant and MC variant strains was affected by AMB treatment. Colonies recovered from MC variant-infected mice consistently exhibited a MC phenotype, a finding which implies that SM variants are not selected in the host, assuming that phenotypic switching from MC to SM occurred in vivo.
In contrast, analysis of colony phenotypes recovered from SM variant-infected mice (n ϭ 16 per group; dose, 5 ϫ 10 5 cells administered i.t.) revealed a higher percentage of MC colonies in AMB-treated mice than in control mice (Fig. 2c) . Recovery of MC colonies in this infection model depends on the natural switching rate, which in vitro is determined to be approximately 1 switch in 20,000 colonies screened. We further investigated the hypothesis that MC was selected in vivo by performing infections with air inoculum that contained both SM and MC cells followed by antifungal therapy. We infected mice i.t. (n ϭ 20 per group) with various ratios of SM and MC cells, specifically, 90:10, 99:1, and 999:1, and treated the mice at day 14 with 10 doses of AMB i.p. (0.5 mg/kg once a day). At the end of the treatment course, the mice were sacrificed and the percentage of MC colonies was determined and compared to that seen with nontreated mice. At a 90:10 ratio, we found that MC cells outgrew the SM cells by day 28 in both AMB-treated and control mice such that 90 to 100% of cells recovered were MC. With mice infected with SM variant/MC variant ratios of 99:1 and 999:1, we found a higher percentage of MC colonies in treated mice than in control mice for the ratio of 99:1 at 20.3% Ϯ 17% for treated versus 12.05% Ϯ 2.6% for control b Time-kill assay to determine the MIC of Flu that leads to a 1-log reduction of control CFU after 1 or 4 h of coincubation.
c NI, no inhibition by Flu after 1 h at concentrations up to 256 g/ml.
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mice (difference not significant). For the 999:1 ratio, the percentages of MC were 59.3% Ϯ 29% for AMB-treated mice versus 31.05% Ϯ 28% for control mice (P ϭ 0.04) (Fig. 2d ). These results demonstrate that treatment with AMB can promote the selection of MC variants in mice that are infected with both the SM and MC variants. Effects of MAb administration in the setting of phenotypic switching. To determine whether phenotypic switching could interfere with MAb protection, we administered MAb to mice before infection with the SM and MC switch variants. Antibody-mediated protection was more evident in SM variantinfected than in MC variant-infected mice, especially in the i.p. infection model, although the protective effect was not seen at all doses (Table 2) . We further investigated the impact of MAb administration on the recovery of the MC switch variant in mice infected with the SM variant by determining the percentages of MC colonies in MAb variant-treated compared to control-treated mice (NSO). A total of 140 mice were infected with 10 4 SM cells (n ϭ 70 per group) and analyzed either at the time of death or at specific times after infection (the results from day 53 and day 80 were pooled). Quantitative analysis of CFU response after antibody administration in SM variantinfected mice demonstrated that fungal burden results at day 14 did not differ between MAb-treated mice and control mice (log 6.0 Ϯ 0.5 for SM variant-infected mice with MAb treatment versus log 6.1 Ϯ 0.3 for control mice). Recovery of MC colonies was inconsistent in this large experiment and was observed in only 50% of the mice. However, in mice where MC switch variants could be detected, a significantly (P ϭ 0.026 by Kruskal-Wallis test) higher percentage of MC colonies were recovered in MAb-treated mice than in control mice (Fig. 3) . The same trend was observed for all mice that were analyzed Figure 4 presents a model based on interpretation of the data whereby antifungal treatment can promote the selection of the MC switch variant in the setting of chronic infection with a C. neoformans strain that can undergo phenotypic switching. Our data indicate that under conditions of high fungal burden and/or protracted clearance of fungal infection, as often seen with an immunocompromised host, treatment may not eradicate the fungus sufficiently and through selection may eventually shift the pathogen population to a different variant, which could complicate treatment efforts.
DISCUSSION
Failure of antifungal therapy occurs in up to 30% of cases of cryptococcosis in immunocompromised hosts (51) . In a manner analogous to chronic viral infection (where microevolution leads to emergence of so-called "quasi species"), microevolution in pathogenic fungi may produce new variants with increased fitness in the host (22, 24, 25, 57) . Most of the systematic research on the dynamics of microbial microevolution stems from the systematic analysis of HIV variants from chronically infected patients. In chronic viral infections, microevo- lution becomes more evident with the exposure of infected patients to treatment, which represents a selection pressure that promotes the emergence of more-fit variants such as drugresistant clones (32, 58) . It is, however, important to emphasize that antimicrobial resistance is not the only reason why infections persist and treatment fails (29) . In that respect, the emergence of HIV variants with alterations in surface receptor structures can result in a shift of tropisms of the HIV viral population, leading to evasion of the host's immune response (27, 54) . It is often difficult to investigate whether microevolution in a microbial population contributes to therapeutic failure, because microevolution is inherently difficult to identify and quantify. Nevertheless, careful analysis of microbial populations can often detect significant diversification of the population in vivo as a result of microevolution (28) . In contrast, the emergence of drug resistance is relatively easy to detect and microevolution of microbial populations yielding variants with differences in drug susceptibility has also been described for chronic bacterial, fungal, and parasitic infections (15, 39, 49, 58) . In chronic cryptococcosis treatment, failure in immunocompromised patients is common but this outcome is not usually associated with the emergence of drug resistance (3, 4) . The discovery that C. neoformans was capable of phenotypic switching resulting in emergence of variants with different virulence characteristics raised the possibility that its occurrence in vivo could contribute to persistent infections. To investigate this problem we used an animal model whereby a chronic infection can be achieved with low levels of inocula and the microevolution can be monitored by observation of plated organ cultures for differences in colony morphology. The baseline in vitro phenotypic switching rate of the RC-2 strain appeared to be very stable. Neither exposure to antifungal drugs nor to MAb 2H1 enhanced the switching rate in vitro. In contrast to results obtained with other microbial switching systems (57), we have not identified conditions that alter the rate at which new colony morphologies arise. Hence the emergence of MC variants in chronically infected mice treated with AMB or MAb 2H1 is more likely to reflect selection rather than a change of the actual switching rate. We have not identified differences in antifungal drug susceptibility or MAb binding between SM variant and MC variant strains that could explain the preferential selection of MC. The most plausible reason is that successful antifungal therapy is often only effective in conjunction with an effective immune response, which differs greatly for SM and MC variant infections (20, 40, 44) .
Because chronic cryptococcosis is difficult to cure in severely immunocompromised patients, adjunctive therapeutic immunological intervention has been investigated over the past decade. Several investigators have demonstrated that administration of MAb to the polysaccharide capsule prior to infection can prolong survival (13, 14, 16, 35, 36, 53) . The efficacy of antibody protection can be variable and is dependent on the cryptococcal strain, the inoculum dose, the antibody isotype, and the dose of the MAb (38, 59) . Our data suggest that the efficacy of antibody protection may also differ for switch variants and that MAb treatment can promote selection of the MC switch variant in the setting of a switching strain. As phenotypic switching is known to change the polysaccharide capsule, this may also alter the optimal MAb dose to achieve protection (60) . In MC variant infection the MC polysaccharide capsule inhibits MAb-mediated phagocytosis (20) .
The results of this study now also demonstrate a reduced ability for MAb 2H1-opsonized MC cells to trigger a strong oxidative burst in macrophages, suggesting that this mechanism may reduce the ability of antibodies to protect against MC variant infection. We note that the protection against MC and SM variants observed with MAb 2H1 was more variable and less consistent than has been observed historically for the parent strain 24067. Given that antibody efficacy can depend on the genetic background of the strain (38), we attribute this finding to changes that accumulate in the RC-2 strain as a consequence of in vitro microevolution. Our findings under- score previous findings that the efficacy of antibody protection may differ for individual C. neoformans strains, raising the concern that certain strains can undergo phenotypic switching, change their polysaccharide capsules, and decrease the efficacy of MAb protection (38) . This observation may have clinical implications given the ongoing efforts to develop vaccines and antibody-based therapies for cryptococcosis. The MC switch variant spontaneously emerges in cryptococcal strain RC-2 in 2 ϫ 10 4 colonies screened. The chance that a switch event can occur is dependent on the length of infection and fungal burden (20) . Many patients that present with chronic cryptococcosis exhibit high fungal burden and are immunocompromised, with impaired immune systems that cannot efficiently assist antifungal therapy. Therefore, these patients often exhibit for a prolonged time high fungal burdens that promote the selection of switch variants with enhanced virulence which could ultimately result in treatment failure. Several studies have now shown that cryptococcal isolates can exhibit heterogeneous phenotypes with respect to colony morphology, polysaccharide structure, and cellular morphology (2, 8, 21, 50) . These studies suggest that most clinical strains have the ability to vary their phenotypes. In addition, our analysis of primary isolates from patients indicates that different colony phenotypes can be observed in cerebrospinal fluid isolates even before the start of therapy.
In summary, the results of this study support the concept that treatment intervention in chronic cryptococcosis could select for new variants that escape the immune response and complicate therapy. We present evidence that this phenomenon can follow both chemotherapeutic and immunological antifungal interventions. We propose that fungal microevolution may contribute to treatment failure in patients with cryptococcosis. The rates at which an individual C. neoformans strain can undergo phenotypic switching may differ for the individual strains, and this may explain why some patients are more prone to fail therapy than others. Our data suggest that careful monitoring of pathogen phenotypes should be encouraged, especially if new regimens such as passive antibody treatment and vaccination are introduced.
